The growth and ordering of C 60 molecules on the WO 2 /W(110) surface have been studied by low-temperature scanning tunnelling microscopy and spectroscopy (STM and STS), low-energy electron diffraction (LEED), and density functional theory (DFT) calculations. The results indicate the growth of a well-ordered C 60 layer on the WO 2 /W(110) surface in which the molecules form a close-packed hexagonal structure with a unit cell parameter equal to 0.95 nm. The nucleation of the C 60 layer starts at the substrate's inner step edges. Low-temperature STM of C 60 molecules performed at 78 K demonstrates well-resolved molecular orbitals within individual molecules. In the C 60 monolayer on the WO 2 /W(110) surface, the molecules are aligned in one direction due to intermolecular interaction, as shown by the ordered molecular orbitals of individual C 60 . STS data obtained from the C 60 monolayer on the WO 2 /W(110) surface are in good agreement with DFT calculations.
Introduction
The fabrication of complex organic molecular structures on technologically important substrates held together by weak and reversible van der Waals interactions, hydrogen bonds or electrostatic interactions has been a much investigated topic in the past ten years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . This controlled self-assembly of organic nanostructures offers a number of powerful approaches for the development of organic molecule-based devices, which possess functions such as rectifying, switching, and sensing [1] [2] [3] [4] [5] [6] [7] [8] [11] [12] [13] . Fullerenes have attracted considerable attention in recent years due to their potential in surface chemistry and nanotemplating [13] , nonlinear optics [13, 14] , single-molecule transistors [11, 15] , and especially molecular electronics because of their tunable electronic properties, resulting in superconducting or semiconducting behaviour [11, 16, 17] . The formation and characterisation of fullerene adlayers on surfaces are of great interest from the fundamental and technological points of view because they provide valuable information about molecule interactions and can lead to potential applications in existing technologies. The study of these surface-supported systems is important for future developments in molecular electronics, since they represent promising materials for applications in advanced nanopatterning, surface templating, molecular data storage, solar cells, sensors/molecular recognition, and functional surfaces [11, [13] [14] [15] [16] [17] [18] [19] [20] .
Of particular interest are the nature of the bonding between the fullerene molecules and the substrate, as reflected in the electronic charge distribution and their geometric configuration at the interface, and the dynamics of electron-hole transfer between the molecule and the metal or semiconductor surface. This information can be obtained by using a combination of scanning tunnelling microscopy and spectroscopy (STM and STS). STM is a highly local technique that has become a powerful tool for studying the adsorption geometry and the conformation and dynamics of single organic molecules and molecular assemblies on conducting substrates [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Over the last decade STM has been used intensively for the study of C 60 self-assembled layers on a variety of metal [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] and semiconductor [18, [37] [38] [39] [40] [41] surfaces. On most surfaces fullerene molecules self-assemble into close-packed monolayers with a hexagonal or quasi-hexagonal structure and a molecule-molecule separation close to 1 nm, as observed in bulk C 60 [18, 21-25, 27-38, 41] . In some cases the formation of a C 60 monolayer leads to an adsorbate-induced reconstruction of the substrate [22, 28, [30] [31] [32] [33] [34] [35] [36] . Surprisingly, only few studies of C 60 on metal oxide surfaces have been performed to this end [42] [43] [44] . This is despite the fact that metal oxide surfaces and thin films have many potential applications in existing technologies [45] [46] [47] [48] [49] and may be used as nanostructured templates with preformed surface patterns [50-53] for molecular self-assembly.
The importance of molecule-substrate interfaces for device performance cannot be overestimated as they determine charge injection and charge flow in the molecular devices. While STM images elucidate the topographic structure of the interface, they provide little information about its electronic properties. STS is one of the best tools for probing local electronic structure with molecular spatial resolution [5, 9, 10, 25-30, 54, 55] . STS is unique in that it allows both the filled and empty state density at the surface to be probed in a single measurement, providing local density of states information close to the Fermi level. This information is vital for understanding the properties of organic molecules and their utilization in molecular electronic devices.
In the present work, by using STM/STS, low-energy electron diffraction (LEED), and density functional theory (DFT) calculations, we focus for the first time on the molecular self-assembly of C 60 on the WO2/W(110) surface in the submonolayer to monolayer regimes in order to reveal the conformational behaviour of C 60 molecules. STS and DFT are utilised to obtain information about the local density of states. The results of this work yield important information about the electronic and structural properties of C 60 molecules adsorbed on the WO 2 /W(110) surface.
Experimental
The STM/STS experiments were performed at liquid nitrogen temperature (78 K), using a commercial instrument from Createc, in an ultra-high-vacuum (UHV) system consisting of an analysis chamber (with a base pressure of 2 × 10 -11 mbar) and a preparation chamber (5 × 10 -11 mbar). An electrochemically-etched monocrystalline W(100) tip was used to record STM images in constant current mode. The voltage V sample corresponds to the sample bias with respect to the tip. No drift corrections have been applied to any of the STM images presented in this paper. Tunnelling spectra in a z(V) form were acquired on an individual C 60 molecule. For z(V) spectroscopy, the feedback is on while the voltage ramp is applied. In this case the tip height is recorded as it approaches or retracts from the surface in order to maintain a constant tunnel current. Sudden changes in the z(V) spectra are observed when new tunnelling channels become available, or if the tip is close enough to the surface to form chemical bonds with the molecular layer or substrate. Before and after z(V) spectra acquisition, the quality of the surface was verified by STM imaging to ensure that the molecular layer remained intact and no damage was done to it during the spectroscopic measurements.
A W(110) single crystal, prepared at the Institute of Solid State Physics RAS, was used as the substrate. An atomically-clean W(110) surface was prepared by in situ annealing at 1900 K in an oxygen atmosphere of 1 × 10 -7 mbar, followed by a series of high temperature flashes at 2200 K. The sample was heated by
